The adeno-associated virus (AAV) inverted terminal repeats (ITRs) contain the AAV Rep protein-binding site (RBS) and the terminal resolution site (TRS), which together act as a minimal origin of DNA replication. The AAV p5 promoter also contains an RBS, which is involved in Rep-mediated regulation of promoter activity, as well as a functional TRS, and origin activity of these signals has in fact been demonstrated previously in the presence of adenovirus helper functions. Here, we show that in the presence of herpes simplex virus type 1 (HSV-1) and AAV Rep protein, p5 promoter-bearing plasmids are efficiently amplified to form large head-totail concatemers, which are readily packaged in HSV-1 virions if an HSV-1 DNA-packaging/cleavage signal is provided in cis. We also demonstrate simultaneous and independent replication from the two alternative AAV replication origins, p5 and ITR, on the single-cell level using multicolor-fluorescence live imaging, a finding which raises the possibility that both origins may contribute to the AAV life cycle. Furthermore, we assess the differential affinities of Rep for the two different replication origins, p5 and ITR, both in vitro and in live cells and identify this as a potential mechanism to control the replicative and promoter activities of p5.
Adeno-associated virus (AAV) is a nonpathogenic human parvovirus with a single-stranded DNA genome of 4,680 nucleotides (nt). The AAV genome consists of two open reading frames (ORFs) including the rep and the cap genes, flanked by two 145-nucleotide inverted terminal repeats (ITRs). The rep genes are transcribed from two different promoters, the p5 promoter and the p19 promoter. The former controls transcription of the large rep genes, rep68 and rep78, while the latter controls expression of the small rep genes, rep40 and rep52. The cap gene is transcribed from the p40 promoter and encodes VP1, VP2, and VP3, which form the icosahedral capsid (reviewed in reference 33). The ITRs can form T-shaped secondary structures, and they comprise the Rep-binding site (RBS) and the terminal resolution site (TRS), which together act as a minimal origin of DNA replication (ITR ori) (55, 56) . AAV has a unique biphasic life cycle that is characterized by a productive infection in the presence of a helper virus, such as adenovirus (Ad) or herpes simplex virus (HSV), and a latent infection that occurs in the absence of helper virus (reviewed in reference 33). The AAV type 2 (AAV2) genome, for instance, can site-specifically integrate into human chromosome 19 at position 19q13. 4 , a locus that is termed AAVS1 (8, 22, 23, 44) . This process requires the RBS in cis, as well as either of the large Rep proteins, Rep68 or -78 (1, 50, 61) . The p5 promoter also contains an RBS (28) , which is involved in the Repmediated regulation of the p5 activity (24, 38) . However, the discovery of a functional TRS within the p5 promoter (54) raised the possibility that it may also act as an alternative origin of viral DNA replication (Fig. 1) . Indeed, several groups have reported the amplification of integrated rep-cap sequences in the absence of ITRs and in the presence of adenovirus (3, 4, 10, 27, 51) . Furthermore, the RBS and TRS within the p5 promoter have recently been demonstrated to act as an origin responsible for this ITR-independent replication (31, 35) . In addition, and possibly related to its function as the origin of DNA replication, the p5 promoter sequence can also mediate, albeit inefficiently, the packaging of single-stranded, ITR-deficient rep-cap sequences into AAV particles (34) and enhance Rep-mediated, site-specific integration of ITR-flanked transgene DNA (39) . In fact, the p5 sequence in cis is sufficient to allow site-specific integration of transgene DNA into AAVS1 in the absence of ITRs (40) .
The activity of the putative replication origin within the p5 promoter (p5 ori) in the presence of ITR origins and its potential role in the AAV life cycle have not been determined. Other viruses, including herpes simplex virus type 1 (HSV-1) (30, 49) , Epstein-Barr virus (reviewed in reference 53), and baculoviruses (21, 37) , also contain alternative origins of DNA replication. In some viruses, the alternative replication origins have distinct activities in different phases of the viral life cycle (reviewed in reference 53) or else are differentially regulated (12) , while in other cases, the biological functions of the alternative origins are unknown.
In this study, we investigated the replicative capacity of the p5 ori in the presence of HSV-1 as the helper virus. In particular, we used a live-cell visualization assay to address the question of whether both the ITR and the p5 origins can be active simultaneously and therefore potentially contribute to the AAV life cycle. The p5 RBS consists of one central GAGC tetranucleotide repeat and four flanking imperfect repeats, whereas the ITR RBS comprises three central GAGC repeats and two flanking imperfect repeats (Fig. 1) . As the GAGC sequence is necessary for binding of Rep (6, 7, 29, 58) , it seems conceivable that the efficiency of Rep binding to the p5 RBS and ITR RBS may be different and that this differential affinity may control the formation of individual p5 and ITR replication compartments. To test this hypothesis, we monitored the distribution of AAV Rep protein in the course of DNA replication from the ITR or the p5 origin in live cells and compared its affinity for the two alternative replication origins in an in vitro DNA binding assay. An interesting side observation was that in the presence of HSV-1 and AAV Rep, p5 origin-bearing plasmids were efficiently amplified to form head-to-tail concatemers, which were readily packaged in HSV-1 virions if an HSV-1 DNA-packaging/cleavage signal was provided in cis. This opens the possibility to design novel HSV/AAV hybrid vectors that combine the efficient replication/integration functions of the AAV p5 element with the large transgene capacity of HSV-1. (46) and HeLa cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin G, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B. For culture of VERO 2-2 cells, 500 g/ml G418 was included in addition. Wild-type HSV-1 strain F was grown, and titers were determined in VERO 2-2 cells.
MATERIALS AND METHODS

Cells and viruses. VERO 2-2 cells
Plasmids. Plasmids pRep, pRep-red (see Fig. S1 in the supplemental material), and pAAVlacO were described previously (9, 13 Fig. S1 in the supplemental material]), plasmid pHcRed1-1 (Clontech) was first cut with AgeI and XmaI and religated, resulting in pHcRed1-1/N3, which contains a shifted ORF for HcRed. Subsequently, the 2.2-kb BglII-KpnI fragment from pCMVrep-red (containing the CMV promoter and the first 522 codons of rep68/rep78) was inserted between the BglII and KpnI sites on pHcRed1-1/N3, resulting in pCMVrep-HcRed. (iii) For pCMVrep68/ 78-kan (expressing rep68/rep78 from the CMV promoter [see Fig. S1 in the supplemental material]), first pCMVrep-red was cut with BglII and SalI, and the 1.7-kb fragment (containing the CMV promoter and the first 369 codons of rep68/rep78) was inserted between the BglII and SalI sites of pRep (13) , resulting in the ampicillin-resistant plasmid pCMVrep68/78. Second, pCMVrep68/78 was cut with BglII and NotI, and the 3.1-kb fragment (containing the CMV promoter, the rep68/rep78 genes, and a simian virus 40 polyadenylation signal) was inserted between the BglII and NotI sites on pHcRed1-1 (Clontech), resulting in the kanamycin-resistant plasmid pCMVrep68/78-kan. Expression of rep68/rep78 from a kanamycin-resistant plasmid was required, because in the replication assay (see Fig. 3B ), replication products of pBs-p5-tetO were detected with a probe for the ampicillin resistance gene. (iv) For pBs-p5-tetO, a 330-bp SalI fragment (containing seven tetracycline repressor [TetR] binding sites) from pSA1.TetO.EYFPnlsTetR (48) was self-ligated, and a five-copy repeat was inserted into the unique XhoI site of the pBluescript II KS(ϩ) cloning vector (Stratagene), resulting in plasmid pBstetO. A fragment containing the AAV p5 promoter (AAV2 nt 152 to 299) was amplified by PCR from plasmid pAV2 (25) using primers p5ABforward (5ЈAAAATTACTAGTGGAGTCGTGACGTGAA TTA3Ј) and p5Dgreverse (5ЈAAAATTGCGGCCGCCCGCTTCAAAATGGA GA3Ј), which were designed to introduce a SpeI and a NotI site (underlined), respectively. The resulting PCR product was cut with SpeI and NotI and ligated between the SpeI and NotI sites in pBstetO, resulting in plasmid pBs-p5-tetO. The correct orientation and sequence of the insert were confirmed by sequencing. (28) and its homologue in the p5 promoter (28) are indicated by boxes in light gray. The A-stem RBS contains three perfect GAGC tetranucleotide repeats (dark-gray boxes) flanked by two imperfect repeats, while the p5 RBS contains only one perfect GAGC repeat and four imperfect repeats. The CTTTG element within the secondary-structure element of the ITR, which was previously described as enhancing Rep binding affinity (41) , is indicated by a light-gray box and is termed RBSЈ. The TRS of the A-stem (2, 17) and its homologue in the p5 promoter (54) are indicated by open boxes. Nicking at the A-stem TRS occurs between the two thymidine bases (top arrow), while at the p5 promoter TRS it occurs between a thymidine and an adenosine base (bottom arrow). Note that the p5 TRS is spaced 10 bp closer to the RBS than the A-stem TRS. The borders of the DNA substrates used in the EMS assays ( Fig. 8 and 9 ) are indicated by the numbered AAV2 nucleotides: ITR substrate, nt 9 to 117 (single stranded and selfannealed); A-stem substrate, nt 81 to 117 (double stranded); p5 substrate, nt 254 to 290 (double stranded). [Fraefel, unpublished] ) was inserted into the SalI site upstream of the p5 promoter of pRep-CFP-pac, resulting in pP5RcagGFP. Replication assays. Replication assays in VERO 2-2 cells were performed essentially as described previously (9, 13) . For the results presented in Fig Packaging into HSV-1 virions. VERO 2-2 cells were cotransfected with pP5RcagGFP, packaging-defective HSV-1 helper DNA (42) , and pRep, and putative vector particles were prepared and titrated as described previously (13, 42) .
Live visualization of AAV DNA replication. (i) Transfection-infection procedure. The detailed transfection-infection procedure was described previously (9) . Briefly, the day before transfection, 50,000 HeLa cells were plated on Lab-Tek four-well chamber slides or chambered coverglasses (Nalge Nunc International). The cells were transfected using Lipofectamine Plus Reagent as described by the manufacturer (Invitrogen). The amounts of individual plasmids used for transfection were as follows: pBs-p5-tetO, pAAVlacO, and pBs-tetO, 25 ng; pEYFPTetR, pECFPTetR, pSV2-EYFP/lacI, pCMVrep68/78-kan, and pCMVrep-HcRed, 2.5 ng. Helper functions for AAV replication were provided by superinfection with HSV-1 at an MOI of 1 to 4 50% tissue culture infective doses at 3 to 4 h after transfection. Cultures of live or fixed cells were examined by standard or confocal fluorescence microscopy between 16 and 48 h after transfection.
(ii) Microscopy. Cells were observed by standard and confocal microscopy essentially as described previously (9) . Images from confocal microscopy were deconvolved with a blind deconvolution algorithm using the Huygens Essential program suite (SVI, Hilversum, The Netherlands) and processed with Imaris 4.1.1 (Bitplane AG, Zurich, Switzerland) and Adobe Photoshop Elements 2.0 (Adobe) software.
Electrophoretic mobility shift (EMS) assays. As DNA substrates for Rep binding, synthetic oligonucleotides corresponding to the ITR in the hairpin conformation (ITR substrate), the RBS of the ITR (A-stem substrate), or the , which employs lacO interactions with an EYFP-LacI fusion, has been described previously (9) . Double-stranded monomeric (ITRm) and dimeric (ITRd) replication intermediates are indicated. (B) Replication assay with plasmid pBs-p5-tetO. VERO 2-2 cells were cotransfected with pBs-p5-tetO and pCMVrep68/78-kan (lanes 1 and 4) or pCMVrep-HcRed (lane 2); pBs-p5-tetO (lane 3); or pBs-tetO and pCMVrep68/78-kan (lane 5) and superinfected with HSV-1 (lanes 1, 2, 3, and 5). Hirt DNA was prepared at 48 h p.i., digested with DpnI, and analyzed by Southern blotting with a probe for the ampicillin resistance (Amp r ) gene present on pBs-p5-tetO. Concatameric, high-molecular-weight replication products are indicated (HMW). ϩ, present; Ϫ, absent. (C) Formation of nuclear AAV p5 replication compartments in the presence of the p5 ori, AAV rep, and HSV-1. Cells were cotransfected with pBs-p5-tetO, pEYFPTetR, and pCMVrep68/78-kan (a and c), pBs-p5-tetO and pEYFPTetR (b), or pBs-tetO, pEYFPTetR, and pCMVrep68/78-kan (d) and superinfected with HSV-1 (a, b, and d) or mock infected (c). The micrographs were taken 36 h p.i. under a standard fluorescence microscope with a filter specific for EYFP. (Fig. 1 ). 5Ј 32 P labeling of the ITR substrate and of the bottom strands of the A-stem and p5 substrates was performed by Hartmann Analytic GmbH (Braunschweig, Germany). Self-annealing of the ITR substrate or annealing of the two complementary strands of the A-stem and the p5 substrates was performed as described previously (29) . His-tagged Rep68 protein (Rep68H) was expressed and purified as described elsewhere (45, 59, 60) . Binding reactions were performed as described previously (18) . The amounts of Rep protein and DNA substrates are indicated for each experiment. After addition of 2 l loading buffer (consisting of binding buffer including 50% glycerol and 0.025% bromophenol blue), the binding reactions were resolved on 4% polyacrylamide gels (29:1 acrylamide/bisacryamide weight ratio) in 0.25ϫ Tris-borate-EDTA at 200 V for 2.25 h (see Fig. 9 ) or 3 h (see Fig. 8 ). The gels were dried and analyzed with the PhosphorImager system (Molecular Dynamics) and ImageQuant software (Molecular Dynamics).
RESULTS
The AAV p5 promoter contains an HSV-1-and Rep-dependent origin of DNA replication. We used plasmid pRep-red (9), which contains a rep-DsRed2 fusion gene under the p5 promoter, in order to assess the replicative capability of the p5 ori in HSV-1-infected cells. pRep-red served as both the replicon plasmid and the expression plasmid for the Rep-DsRed fusion protein, which was previously shown to support replication of recombinant AAV (rAAV) genomes, although at a lower efficiency than the wild-type Rep proteins (9) . In order to provide maximal Rep activity for efficient replication of pRepred, a plasmid expressing all four wild-type rep genes (pRep) was included in the assay. Maps of all rep-expressing plasmids used in this study are provided in Fig. S1 in the supplemental material. Transfection of pRep-red and pRep and superinfection with HSV-1 led to the accumulation of DpnI-resistant, high-molecular-weight (HMW) replication products of the pRep-red plasmid DNA, as demonstrated by Southern blot analysis using a probe specific for DsRed (Fig. 2A, lane 1) . Cleavage with restriction endonuclease BglII, which cuts only once within pRep-red, reduced the HMW replication products to a single discrete band with a size corresponding to the linearized pRep-red (Fig. 2A, lane 2) . In the absence of HSV-1 or the p5 promoter (plasmid pCMVrep-red), no replication products were observed ( Fig. 2A, lanes 3 and 5) . In order to assess the requirement for the Rep protein, we performed replication assays with plasmid pBs-p5-tetO, which contains the p5 promoter but no rep sequences. Replication of this plasmid was observed only in the presence of HSV-1 and when rep was provided in trans (Fig. 3B) .
In order to analyze the conformation of the HMW p5 replication products, we performed partial restriction digests of replication products from either plasmid pRep-red (data not shown) or plasmid pRep, which contains the wild-type rep gene under control of the native p5 promoter (Fig. 2B ) and served as both the replicon and the rep-expressing plasmid. Replication products from plasmid pRep were detected with a probe for the rep coding sequence. Partial digestion with BglII led to the disappearance of the HMW smear and appearance of a ladder of discrete bands, with sizes corresponding to linear monomers and multimers of plasmid pRep. These data suggest a head-to-tail-linked concatameric conformation of the replication products, consistent with a rolling-circle mechanism of DNA replication. As the conformations and sizes of the p5 replicons strongly resembled those of replicating HSV-1 genomes and amplicons, we hypothesized that they could be packaged into HSV-1 particles if HSV-1 DNA-packaging/ cleavage signals (pac) were present in cis. We therefore constructed plasmid pP5RcagGFP, which contains the p5 promoter, an EGFP reporter gene, and an HSV-1 pac signal (Fig.  2C) . Replication products of pP5RcagGFP were readily packaged into HSV-1 virions in the presence of HSV-1 helper functions, as transduction of VERO 2-2 cells resulted in EGFP expression (Fig. 2C) .
Live-cell visualization of DNA replication from the AAV p5 ori. We recently established a live-cell visualization assay for rAAV DNA replication employing lac operator (lacO)-lac repressor (LacI) interactions combined with autofluorescent proteins (9) . The rAAV genome in plasmid pAAVlacO consisted of 40 lacO repeats that are flanked by ITRs acting as origins of DNA replication (ITR replicon). In order to similarly visualize the replication of plasmids containing the p5 ori (p5 replicon), we developed an assay that is based on the interaction of tetracycline operator sequence (tetO) with the tetracycline repressor DNA binding domain (TetR) fused to autofluorescent proteins (Fig. 3A) . TetO-TetR interactions have previously been employed for the visualization of parental HSV-1 genomes and HSV-1 replication compartments in live cells (48) . We constructed the pBs-p5-tetO replicon, which contains the p5 promoter and five repeats of the seven-copy tetO array (a total of 35 TetR binding sites) (Fig. 3A) . Replication of pBsp5-tetO in the presence of HSV-1 and AAV Rep should lead to the accumulation of sufficient tetO binding sites to support visualization of the replicated DNA by an EYFP-TetR fusion protein.
We first verified the efficient replication of plasmid pBs-p5-tetO using replication assays in VERO 2-2 cells, which yielded abundant DpnI-resistant replication products in the presence of HSV-1 and either the wild-type Rep proteins or a RepHcRed fusion protein (Fig. 3B) . When cells were cotransfected with plasmids pBs-p5-tetO and pEYFPTetR, as well as the rep-expressing plasmid pCMVrep68/78-kan, and then superinfected with HSV-1, we observed the formation of nuclear replication compartments as early as 16 to 24 h p.i. (Fig. 4) . The time of appearance of the replication compartments was dependent on the MOI of the helper virus (data not shown). Depending on the transfection efficiency, 1 to 5% of the cells displayed 16 Ϯ 6 (mean Ϯ standard deviation; n ϭ 40) replication compartments. In the course of ongoing plasmid replication, the replication compartments grew larger until they filled most of the nucleus (Fig. 4) . At early stages, the yellow fluorescence was diffuse in the nucleus, while at later stages, it was entirely recruited into the replication compartments, indicating that EYFP-TetR synthesis was not limiting for the visualization of the replicating DNA. Nuclear fluorescence stayed diffuse in the absence of either rep, HSV-1, or p5 sequences as tested with the control plasmid pBs-tetO, which contains the tetO repeats but no p5 promoter sequences (Fig.  3C) .
Covisualization of AAV p5 replication and AAV Rep protein.
We have previously shown in live cells that AAV Rep is efficiently recruited into rAAV replication compartments (9) . Because Rep is also required for replication from the p5 ori ( Fig. 3B and C), we expected a similar recruitment also into p5 replication compartments. In order to test this hypothesis, we constructed pCMVrep-HcRed, which constitutively expresses the first 522 codons of rep68/rep78 fused to HcRed under the control of the CMV promoter. Replication assays demonstrated that the Rep-HcRed fusion protein was functional, as it was able to mediate replication of plasmid pBs-p5-tetO, although the yield of replication product was somewhat lower than with wild-type Rep68/78 protein (Fig. 3B, compare lanes  1 and 2) . Next, pCMVrep-HcRed was tested for its ability to support replication of both ITR and p5 replicons in live-cell visualization assays. The formation of nuclear replication compartments was readily observed with both replicons, but most interestingly, the distribution of the Rep-HcRed protein was strikingly different between ITR and p5 replication compartments. While Rep-HcRed was almost completely recruited into even very small rAAVlacO (ITR) replication compartments (Fig. 5, g and h) , the red fluorescent Rep protein remained diffuse within the nucleus in both early and intermediate stages of pBs-p5-tetO replication (Fig. 5, a to d ). Only at a very late stage, when replication compartments filled most of the nucleus, did Rep-HcRed fusion protein colocalize with p5 replication sites (Fig. 5, e and f) . To rule out the possibility of altered behavior of Rep due to the fusion to HcRed, the same Covisualization of AAV replication from the p5 and ITR origins. As a model to assess whether the p5 and the ITR origins can, in principle, be simultaneously active during the AAV life cycle, we combined the visualization system for DNA replication from the p5 ori with our previously established visualization system for replication from the ITR origins (9) . The combination of the two visualization systems allows the simultaneous monitoring of DNA replication from two different viral origins in a single live cell (Fig. 3A) . In order to separately visualize pAAVlacO and pBs-p5-tetO replication, we used an ECFP-TetR fusion protein to label p5 replication products and EYFP-LacI to label ITR replication products. Upon cotransfection of pAAVlacO, pBs-p5-tetO, pSV2-EYFP/lacI, pECFPTetR, and a rep-expressing plasmid, followed by infection with HSV-1, the simultaneous replication of pAAVlacO and pBs-p5-tetO could be observed. Interestingly, the p5 and ITR replication compartments seemed to form independently of each other, but preferentially in neighboring nuclear compartments. In most cases, p5 and ITR replication compartments were juxtaposed to each other, but rarely was a p5 compartment found within an ITR compartment or vice versa. However, the different replication compartments did not fuse but rather stayed separate from each other (Fig. 6 and 7) . Moreover, Rep-HcRed fusion protein strongly accumulated in ITR replication compartments, while the p5 replication compartments appeared to be deprived of Rep. Possibly, both the requirement for HSV-1 helper functions and the local availability of Rep protein accumulated at the ITR compartments direct the p5 replication compartments to adjacent locations. Together with the data presented in Fig. 5 , these findings suggest a lower affinity of the AAV Rep protein for the p5 ori than for the ITR origins, the recruitment of fewer Rep molecules into Rep-p5 than into Rep-ITR complexes, or a combination of both. This question was addressed in the following in vitro DNA binding experiments.
Differential affinities of Rep for p5 and ITR origins. In order to confirm and further compare the interaction of Rep with the p5 and ITR origins, we proceeded to test the binding of Rep to these sequence elements by EMS assays. We assessed the binding of prokaryotically expressed His-tagged Rep68 protein (Rep68H) to (i) the hairpinned ITR, (ii) the linear A-stem of the ITR (absence of the B and C palindromes excludes the formation of DNA secondary structures), and (iii) the p5 ori (Fig. 1) . We first tested different concentrations of Rep protein in order to determine the required Rep concentration for each substrate. As demonstrated in Fig. 8A and B, the amounts of Rep required to achieve 90% binding of 0.04 pmol substrate DNA were 60 ng and 120 ng for the ITR and the A-stem substrate, respectively, confirming the previously demonstrated higher affinity of Rep for the hairpinned ITR substrate over the A-stem substrate (29, 41) . However, at the highest Rep amounts used (240 ng), only approximately 45% of the p5 substrate was bound. Moreover, the Rep-p5 complexes migrated significantly faster than Rep-ITR or Rep-A-stem complexes and appeared to consist of a single, discrete band as opposed to the ladder of bands observed with the ITR substrate and, under some conditions, with the A-stem substrate. In order to estimate the relative affinities of Rep for the different substrates, we performed reciprocal competition assays using unlabeled competitor DNA. The amount of bound probe in the absence of competitor DNA was set as 100% relative binding. In a first experiment (Fig. 9A) , binding of 15 ng of Rep to 0.1 pmol of radiolabeled ITR substrate in the presence of increasing (0.1-, 1-, 10-, and 100-fold) amounts of unlabeled ITR, A-stem, and p5 competitor DNA was determined. While addition of a 10-fold excess of homologous competitor DNA reduced the binding by approximately 90%, the presence of a 100-fold excess of A-stem or p5 competitor led to reductions by only 40% and 20%, respectively. In analogous experiments, Rep binding to radiolabeled A-stem or p5 substrates in the presence of the different competitor DNA substrates was assessed ( Fig. 9B and C) . Both experiments confirmed the results from Fig. 9A , suggesting the following order of relative affinities for the three substrates: ITR Ͼ A-stem Ͼ p5. An estimation of the efficiency of competition by each substrate suggested a 10-fold difference between ITR and A-stem, a 10-fold difference between A-stem and p5, and a 100-fold difference between ITR and p5 ( Fig. 9A to C) .
The data from the EMS assays led us to the following conclusions. (i) The assembled Rep complex on the p5 ori is significantly smaller than on the hairpinned ITR or on the linear A-stem. Consequently, the p5 RBS sequesters fewer Rep molecules than the RBS on the A-stem of the ITR. (ii) Rep binds about 100-fold more efficiently to the hairpinned ITR than to the p5 RBS. (iii) Rep has an approximately 10-fold-lower affinity for the linear p5 than for the linear A-stem substrate. Therefore, the difference between p5 and the hairpinned ITR is likely a consequence of the absence of secondary structure and the different sequence of the RBS. Taken together, these data demonstrate that the differential recruitment of Rep protein into alternative AAV replication compartments (Fig. 4 to 7) is due to both a differential affinity of Rep for the alternative origins and the formation of distinct Rep-DNA complexes.
DISCUSSION
In the present study, we assessed the replicative capability of the AAV p5 ori in the presence of HSV-1 helper functions and analyzed the conformation of the resulting replication prod- ucts. We found that plasmids containing the p5 ori formed head-to-tail-linked, concatameric replication products with sizes of at least 150 kb in the presence of HSV-1 and AAV Rep (Fig. 2) . Although the functionality of the RBS and TRS within the AAV p5 promoter as an origin of DNA replication has been demonstrated in the presence of both Ad (31, 35) and HSV-1 helper functions (this study), the question arose as to whether the p5 ori has a function in the replication of wild-type AAV. As a first step toward answering this question, we examined whether both the p5 and the ITR origins can be active simultaneously in the same cell. For this, we established a live-cell assay for visualizing replication from the AAV p5 ori and combined it with the previously described visualization system for AAV ITR replication (9) (Fig. 3A) . We show simultaneous and efficient DNA replication from both replication origins in the same cell, demonstrating that replication from the p5 ori in the presence of ITR replication in trans is, in principle, possible. We therefore hypothesize that the AAV p5 ori, besides acting as an enhancer of ITR-mediated sitespecific integration (39) , may also play a role in rescue and replication of wild-type AAV. However, it remains to be determined whether both origins are simultaneously active if they are present in cis, a situation that is very difficult to assess but that would more closely mimic wild-type AAV replication. The simultaneous visualization of AAV ITR-and p5-mediated replication also led to some interesting findings about the nuclear sites of AAV DNA replication. First, p5 and ITR replication compartments seemed to form independently of each other but preferentially in neighboring nuclear compartments (Fig. 6 and 7). The helper virus and cellular factors that define these selected sites of DNA replication still remain to be identified, but it is likely that the HSV-1 helicase-primase complex and the HSV-1 major DNA binding protein ICP8 (56, 57) play pivotal roles. Second, the distribution of the AAV Rep protein was strikingly different between sites of p5-and ITR-mediated replication. While Rep protein was efficiently recruited into the ITR replication foci, the p5 compartments appeared to be deprived of Rep (Fig. 6 and 7) , indicating a differential affinity of AAV Rep for these two replication origins. In order to address whether Rep has a lower affinity for the p5 ori than for the ITR origins or whether fewer Rep molecules are recruited into Rep-p5 than into Rep-ITR complexes, we compared the binding of Rep to these alternative replication origins in EMS assays ( Fig. 8 and 9 ). The results suggested the formation of significantly smaller complexes of Rep on the p5 ori than on the ITR ori (Fig. 8) . To date, it has become apparent that Rep acts as a multimer. The recently solved crystal structures of the Rep motor domain have shown the presence of an "arginine finger" that highlights the requirement for an oligomeric interface in order for an active ATPase pocket to form (19, 20) . Furthermore, it has been proposed that Rep can form different oligomers depending on substrate characteristics. Although our results do not allow conclusions about the exact number of Rep molecules assembled on a Rep-p5 complex, it is possible that Rep binds as a dimer to the p5 ori, in agreement with Zhou et al., who have proposed that Rep dimers constitute the active forms for both the ATPase and nicking activities (62) . In contrast, it has been suggested that Rep binds to the ITRs as a hexamer (14, 15, 47) . Although our EMS assays were not designed to analyze the conformation of Rep complexes formed on the different substrate DNAs, they confirmed the migration of Rep-ITR and, under some conditions, Rep-Astem complexes in a ladder of several bands, consistent with the results of several previous studies (26, 29, 47) . In contrast, Rep-p5 complexes migrated faster than Rep-ITR and Rep-Astem complexes and appeared to migrate in a single discrete band. The finding that Rep-A-stem complexes migrated in several bands in Fig. 9B but in a single complex in Fig. 8A is probably due to the different substrate concentrations used (0.04 pmol in Fig. 8A and 0.1 pmol in Fig. 9B ) or the different resolutions of the gel (see Materials and Methods). For instance, in a previous study that used identical binding conditions, Rep bound to hairpinned AAV termini was also detected in a single band rather than in a ladder of bands (18) .
Reciprocal competition experiments revealed an approximately 100-fold-lower affinity of Rep for the p5 ori than for the hairpinned ITR ori (Fig. 9) . These experiments also confirmed previous studies according to which the affinity of Rep for the linear A-stem sequence, without the B and C palindromes, is markedly lower than for the ITR in its hairpinned conformation (29, 41) . However, in our experimental setting, the difference was only approximately 10-fold compared to the at least 125-fold difference found by McCarty et al. (29) or the 170-fold difference described by Ryan et al. (41) . Since bases outside the A-stem RBS also have an effect on the efficiency of Rep binding (7, 41, 58) , it is likely that the different A-stem substrates used account for the observed differences in Rep-binding affinity. In contrast, Chiorini and coworkers found approximately equal affinities of Rep protein for a linear A-stem substrate and a hairpinned ITR substrate (7). Our results from the EMS assays led us to the conclusion that the lower affinity of Rep for the p5 RBS than for the ITR RBS is due to both the absence of the DNA secondary structure comprising the enhancer of Rep binding, RBSЈ, and the sequence differences between the p5 RBS and the ITR RBS (Fig. 1) . On the basis of the finding that the GAGC sequence is necessary for binding of Rep (6, 7, 29, 58) , it seems conceivable that Rep binding to the p5 RBS containing only one perfect GAGC repeat is less efficient than its binding to the RBS within the ITRs containing three perfect GAGC repeats (Fig. 1) . Moreover, the presence of only one perfect GAGC repeat may also explain why the p5 RBS assembles fewer Rep molecules than its counterpart in the A-stem. Nevertheless, DNA replication from the AAV p5 ori seemed to proceed with efficiency equal to that from the ITR origins, possibly supported by the fact that the p5 replicon plasmid was provided as a circular DNA molecule, leading to the efficient mechanism of rolling-circle DNA replication. However, this situation is not entirely artificial, as circular duplex monomer AAV genomes have previously been described during AAV rescue and replication (31, 32) . It also needs to be considered that in our experimental settings the expression levels of rep from the constitutive CMV promoter were constantly high and there apparently was sufficient Rep protein present to support replication from both origins. With regard to the biological significance of the differential affinity of Rep to the p5 RBS and the ITR RBS, we hypothesize that at initial stages of AAV rescue or replication, the low levels of Rep protein are entirely recruited by high-affinity binding to the ITRs and initiate DNA replication, which in turn increases the gene dose of rep-cap and consequently raises the expression levels of rep in concert with transactivation of the p5 promoter by Ad E1A (5) or HSV-1 ICP0 (11). The presence of abundant quantities of Rep protein then leads to low-affinity binding to the p5 promoter, which in turn mediates transcriptional repression of rep68/rep78 (38) and, simultaneously, may initiate DNA replication from the p5 ori, possibly accounting for the generation of defective interfering AAV particles.
Taken together, our data demonstrate the functionality of the RBS and TRS contained within the p5 promoter as a Repand HSV-1-dependent origin of DNA replication. The observation that the resulting concatameric replication products were packageable into HSV-1 particles opens the way for the development of a new generation of HSV/AAV hybrid vectors (reviewed in reference 36) that use the replication/integration functions from AAV and the large transgene capacity of HSV-1. We also demonstrated that AAV DNA replication from alternative replication origins, in particular the ITR and the p5 origins, is in principle possible in the same cell and elucidated the differential affinity of AAV Rep protein for the RBS within the ITRs and the p5 promoter. The confirmation of the data obtained from the live-cell visualization assay by the biochemical assays underscores the accuracy and usefulness of the live-visualization model to study not only alternative but also competing viral replication origins. Future experiments will possibly resolve the so far elusive role of the p5 ori in rescue, replication, and site-specific integration of wild-type AAV.
